Abstract: We study solitons in highly-nonlocal nonlinear media for which far-away boundary conditions remotely control the evolution of the localized beam, and present the first experimental observation of coherent elliptic solitons and of vortex-ring solitons. [7] or plasma waves [8] . In nonlinear optics specifically, nonlocality was found in photorefractives [3, [9] [10] [11] , in thermal nonlinear media [12] [13] [14] 
nonlocality can prevent the catastrophic collapse of self-focused beams and allow the formation of (2+1)D solitons in self-focusing Kerr-type media [2, 19, 20] . Finally, nonlocality can considerably alter characteristic soliton interactions, e.g., giving rise to attraction between out of phase solitons [21] and between dark solitons [22] , which, without nonlocality, always repel, and bind solitons that otherwise spread apart [23] .
Here we study, theoretically and experimentally, solitons in thermal glass media with extremely large range of nonlocality. Self-trapping of beams in such materials have been demonstrated decades ago [13] , but those were only the simplest (lowest-order) circular solitons, and the huge range of nonlocality has never been utilized in any soliton experiments. The nonlinearity in the thermal glass is governed by the heat transfer equation, for which faraway boundary conditions directly affect the nonlinear index change induced by a highly localized beam. We show that setting anisotropic boundary conditions, in the form of rectangular boundaries in the transverse plane, or different boundary temperatures in the transverse dimensions, facilitates coherent elliptic solitons. We emphasize that coherent elliptic solitons cannot exist in local, transversely isotropic, nonlinear media, because a spatiallyisotropic nonlinearity cannot counteract the anisotropic diffraction of an elliptic beam [24] . Thus, our observation constitutes the first experimental observation of coherent elliptic solitons [25] . On the other hand, isotropic boundary conditions give rise to circular solitons. The long-range nonlocality also suppresses instabilities, enabling stable coherent vortex-ring solitons, which also cannot exist in local nonlinearities [26] , because azimuthal instabilifies break up the ring beam [12,3 1] . Takdng advantage of this feature, we present the first experimental observation of stable vortex-ring solitons. Our observations demonstrate that extremely long-range nonlocal nonlinear response opens new directions in soliton science and offers remote-control over soliton propagation through boundary conditions.
We begin with the theory, denote E = F(x, y)e' -e) + c.c as the optical field of a beam propagating in the z direction, and write the paraxial wave equation
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QTuLl where An(x, y) is the (small) nonlinear index change, no is the unperturbed refractive index, and k is the wavenumber in the medium. The nonlinear index change An(x, y) varies linearly with temperature T as An(x, y) = aT(x,y), where a is a constant. The temperature distribution induced by the light (as it gets slightly absorbed, thus acting as a heat source) satisfies the heat equation ,CV2T(x,y) =-fI(x, y) = -fF(x,yf (2) where K is the thermal conductivity and 1B the absorption coefficient. The boundary conditions of Eq. 2 directly affect the temperature distribution, and hence the nonlinear index An(x, y) induced by the intensity I(x, y) .
To obtain elliptic solitons, we set the temperature boundary conditions to a fixed T on the edges of the thermal media, far away from the localized (soliton) beam [e.g., the distance between the beam center and the boundaries is, say, 50-100 times the beam width]. When the shape of the bulk thermal glass is rectangular, the temperature distribution (following Eq. 3) will generally be elliptic in the transverse plane. Thus it is possible to find elliptic solitons, with the aspect ratio between the beam axes determined by the far-away boundary conditions. We find elliptic solitons by solving equations I and 2 self-consistently. Typical results are depicted in Fig. I (d-e) .
In our experiments, we use lead glass with nO = 1. Next we obtain vortex-ring solitons. In this case, symmetry requires isotropic boundary conditions, hence we choose square boundaries at a fixed temperature. We seek vortex-ring solutions with unity charge by solving Eqs. I and 2 self-consistently. Interestingly, the solution for temperature and the index change has a circular bellshape structure with a single peak at the vortex center (i.e., at the singularity). Typical calculated results are shown in Fig. 2(e-g ).
In the vortex-ring soliton experiment, we use the same setup, but with a bulk thermal glass of dimensions 2 x 2 x 28 mm (the latter being the propagation distance). As an input beam, we use the reflection from a vortex phase mask. Figure 2 shows typical experimental (a-d) and theoretical (e-f) results demonstrating a 50pm dimaeter (peak to peak) vortex-ring soliton. The input vortex-ring beam shown in Fig. 2 (a,e) diffracts linearly at low power (I OmWatt) to the 120p.m output beam depicted in Fig. 2(b,f) after 28 mm propagation. At high power (I Watt), the beam self-traps and forms a 56,um vortex-ring soliton, as shown in Fig. 2(c,g) . We visualize the phase structure of the output soliton beam by interfering it with a section of a spherical wave, and obtain the picturesque vortex structure depicted in Fig. 2d . This experiment shows that the nonlocal nature of the nonlinearity arrested azimuthal instabilities and supported the formation of a vortex-ring soliton. To conclude, we presented the first experimental observations of coherent elliptic solitons, and of vortexring solitons, demonstrating how such extremely long-range nonlocal nonlinear response directly affects the shape of a highly-localized solitons beam, and how nonlocality arrests instabilities. These ideas of controlling highly localized beams from afar open up new possibilities in soliton science by offering remote control over soliton propagation through boundary conditions.
